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ABSTRACT

Seismic risk studies were conducted for t wo military facilities in the western I ~ ted States:
Luke Air Force Base, Arizona , and the Nevada Test Site (NTS). Both facilities are potential sites
for MX missile system installations. For each site , peak around motion risk curves , for annual
risks ranging between values of 1.0 and 0.001 , were estim ated , based on seismicity characteristics
of the risk regions surrounding each facility . Difficulties in evaluating the risk at NTS were
caused by unannounced nuclear tests and induced seismic activity in the area of study.
Composite design response spectra were generated for each site corresponding to various levels of
annual risk to provide a representation of seismic risk in a form directly useful to the engineering
community. Finally, the possible effects which might result from seismic activity on potentially
active faults near each site were considered.

The feasibility of generating universally applicable ground motion attenuation equations was
exami ned. The high degree of regional variability in earthquake ground motions, as indicated in
earthquake intensi ty reports for events in dif ferent areas, suggests the difficulty in this problem.

Finally, a review of the work done under the Geophysical Studies for Missile Basing
Program is presented. This includes summaries of the risk evaluations carried out for Cheyenne ,
Wyoming; Edward s Air Force Base, Califo rnia; and White Sands Proving Ground , New Mexico. A
brief description of software developments made during the program are also presented.
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FOR MISSILE BASING:

SEISMIC RISK STUDIES
IN THE WESTERN UNITED STATES

Final Scientific Report
1 Marc h 1978— 31 October 1978

Reference: Contract N umber F44620-76-C.0063

SECTION I
INTRODUCTION

For the past 3 years , Texas Instruments Incorporated has conducted research that attempts
to evaluate the seismic risk at certain military facilities in the western United States. This work
was initiated as a response to two significant geophysical events that occurred in 1975 and 1976.
The firs t of these was the Pocatello Valley, Idaho , eart hquake of 28 March 1975. This event
produce d ground motions which were sufficient to disturb instruments located at military
installations near Cheyenne , Wyoming, a distance of 6 degrees from the earthquake epicenter.
The second event was th e report of a geologicall y sudden u plift of an are a of southern California
centered near Palmdale. This regional uplift  was thought to be a possible premonitory indicator
of seismic activity within the affected region and the occurrence of a large-magnitude earthquake
within the uplifted zone constituted a significant risk to the operational status of Edwards Air
Force Base , which is located near Palmdale. Thus , the initial studies were directed at evaluating
the likelihood of a recurrence of the seismic disturbances at Cheyenne. Wyoming, and the
estimation of ground motion parameters at Edwards Air Force Base caused by seismic activity in
southern California. The tasks have since been expanded , however , to in clude the estimation of
seismic risk at several of the military facilities which might be used in the MX missile program.

In previous scientific reports , the methods by which the seismic characteristics of the
regions surrounding each site of interest are estimated and the techniques used to evaluate the
seismic risk at a given location have been presented along with the results for several sites (Battis
and Hill , 1977; Battis , 1978). For this report , the last two site studies , for Luke Air Force Base ,
Arizona , and the Nevada Test Site , have been carried out. In addition , the feasibility of
generating a regionally independent ground motion attenuation equation has been examined.
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In the following sec~ions, the results of these studies are presented. In Sections II and III ,the results of the regional seismicity studies and seismic risk evaluations for Luke Air Force Baseand the Nevada Test Site , respectively, are presented. A discussion of-the problems associatedwith generating a universal ground motion attenuation equation is presented in Section IV .Finally, Section V contains a brief review and summary of the results which have been obtainedunder the Geophysical Studies for Missile Basing Program.
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SECTION II

SEISM I C RISK ANALYSIS
FOR LUKE AIR FORCE BASE , ARIZONA

Interest in the seismic risk for Luke Air Force Base is derived from the possible use of this
facility as an MX missile installation. The base is located in southwestern Arizona and lies mostly in
the tectonically stable Sonoran Desert subregion of the Basin and Range Physiographic Province
(Fenneman and Johnson , 1946). However , the closeness of the seismically active zones of southern
California , especially the Salton Trough —Gulf of California Rift , suggests a significant hazard at this
facility from earthquake activity. Using the methods and computer program that have previously
been described (Battis and Hill , 1977; Battis , 1978; Hill and Battis , 1978), the necessary regional
seismicity studies and the risk evaluation were made for southwestern Arizona. In this section , the
results of these studies are presented.

A. SEISM IC ITY STUDY

It is the purpose of the regional seismicity study to identify the zones of seismic activity that
could affect the level of seismic risk at a site of interest and to estimate the level of activity within
each of these source regions. Based on the experience gained in evaluating the seismic risk at
Cheyenne , Wyoming, and White Sands Proving Ground , New Mexico (Battis , 1978), both stable and
reasonable risk curves can be generated for a given site with knowledge of the seismicity
characteristics of a region within an 800-kilometer radius of the site of interest. Thus, as the initial
step of this study, the National Oceanic and Atmospheric Administration Earthquake Data File
( Meyers and Von Hake , 1976) was searched; all events located withit.  800 kilometers of Yuma ,
Arizona were entered into the data base for this seismicity study.

Because of the extremely large number of earthquakes with epicenters in southern Califo rnia
and data storage limitations associated with the seismicity analysis programs. it was necessary to
edit the initial data set substantially. Examination of the data base revealed two facts which were
used to develop the method by which the data base was edited. First , the majority of events in the
catalogue had epicenters to the west of 11 5°W longitude. Second , using only events of magnitude
4.0 mb or greater , it was possible to generate accurate estimates of seismic activity in the source
regions to the west of I i  S° W longitude. There fo re , the data base has edited so that all events with
epicenters to the east of I I  5°W longitude were used in the final data base but only events of
magnitude 4.0 mb or greater were passed if the epicenter lay to the west of 11 S° W longitude. A
total of 4992 events remained in the data base , of which 1 255 were from east of 11 5°W. In Figures
lI-I and 11-2, the reported epicenters of these events are plotted. The earthquakes used in this study
occurre d between 1852 and 1975 , with the earliest event reported to the west of I I5 °W having
occurred in 19)6. Of the 1255 events located to the east o f )  l5 °W longitude , only 473 earthquakes
had either an associated magnitude or intensity and could be used in the regional seismicity study.

Using this earthquake data base tectonic flux contour plots (Rya l l , et al., 1966: Battis and
Hill , 1977) were generated for the study area. Together with the epicenter plots shown in Figures
11-1 and 11-2, these maps were used to identify any concentrations or spatial alignments of seismic
activity within the region under analysis. These zones were designated as seismic source regions and
the boundaries of the set of source regions used in this study are shown in Figure 11-3 .
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It should be noted that, while some of the source regions bear identical names to source
regions defined for previous studies, the exact boundaries might not be duplicated in each seismicity
study. An example of this is the Gulf of California source region used in both this study and that
conducted for White Sands Proving Ground (Battis , 1978). In the White Sands Proving Ground

• study, the Gulf of Califo rnia source region encompassed a smaller area than does the present study.
This resulted from the fact that the distance limit of 800 kilometers from White Sands Proving
Ground passes through this source region , cutting a portion of the complete source region out of
the White Sands Proving Ground evaluation. As would be expected , an alteration of this sort could
also change any statistical estimates in the rate of seismic activity for such source regions.
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The standard measure of seismic activity for a seismic source is the recurrence function that
can be defined by the relation:

Log10(N) = A — bM (11-1)

where N is the number of earthquakes per year of magnitude M or larger (Richter, 1958) . The
para meters A and b are then obtained by fitting this curve to the data for a given source region. The
value of N can also be norm alized to some unit area. For this study, recurrence functions
normalized to I ,000 km 2 are calculated.
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While recurrence curves can be generated using any of the typical magnitude measurements,
for purposes of standardization , body-wave magnitude , mb was used in this study. For earthquakes
that did not have a reported body-wave magnitude but did have either local magnitude . M~ or
epicentral intensity, 10, these values were converted to mb , using relationships formulated by Brazee
(1976) for California and western Nevada. The transformation for M L is given by:

mb 1.276 + 0.749 M L (11-2)

and for I~ by the eq uation

mb = 2.886 + 0.365 1~ (1l 3)
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Cumulative recurrence curves were generated for each of the source regions derived in
Figure 11-3. These recurrence curves and the associated recurrence relationships are given in
Figures 11-4 through lI-I 5. These recurrence relationships are also restated in Table Il-I alon g
with the necessary parameter conversions require d for the seismic risk evaluation process . It
should be noted that , in the case of the Colorado , New Mexico , and western New Mexico source
regions. the event catalogues of these source regions were combined to produce one common
recurrence curve. This was done because the smal l number of earthquakes reported in each
source region separately would result in statistically unreliable recurrence curves.

Stepp ’s method of completeness analysis (Stepp, 1972) was used to evaluate the temporal
stability of rate of seismic activity, or com pleteness , for each of the designated source regions.
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As would be expected from the number of events in the data base, none of the source regions
lying to the east of 11 Sow longitude had sufficient earthquake reporting to generate a data set
that could be considered temporally stable. The opposite was true for those sources located to
the west of 11 Sow longitutie. Owing to both higher rates of activity and levels of instrumen-
tation , the earthquake catalogue for this region is much closer to being complete; thus, the - -

recurrence curves were found to represent stable rates of activity.

It is possible, using Stepp’s method, to edit incomplete data catalogues so as to produce a
data set that appears to be stable in terms of the annual rate of occurrence. This is done by
restrict ing the time periods from which data are accepted for a number of given magnitude
ranges (Stepp , 1972). This was attempted for source regions having incomplete data bases.
However, because of the extremely short time gates necessary to produce complete data bases
for these sources , the results from these edited data catalogues were believed to be no more
reliable than the original incomplete data bases.

It is important to understand the implications of having an incomplete data base for a given
source region. In general, incompleteness of the data catalogue results from insufficient reporting
of low-magnitude earthquakes. Thus, the recurrence relation generated on the basis of these data
will have a slope, or b factor, which is too shallow. Then, when this relationship is used in the
seismic risk evaluation, both too few low-magnitude and too many high-magnitude earthquakes
will be predicted in a given time span. As the magnitude of an earthquake is directly propor-
tional to predicted peak ground motion at a site resulting from that event the likelihood of
lower amplitude ground motions is underpredicted while large peak ground motion is
overpredicted. In general, the seismic risk is underestimated for the short term but overestimated
for the longer return periods. It is practically impossible to quantize this erro r, however, because
of the complex manner by which the levels of activity and location of each source region
combine to produce the final seismic risk estimate for a given site.

In addition to the seismic source region analysis, est imates of the bact .ground seismic
activity levels to the east and west of II S°W were calculated. These values were calculated by
eliminating (from the event catalogue) all events whose epicenters lie within one of the defined
source regions. Because of the additional magnitude restriction imposed on events that lie to the
west of ‘ii S°W longitude, act ivity levels were calculated separately for these two zones. The
recurrence curves are shown in Figures 11-16 and 11-17. The recurrence relationships are stated in
Table Il-I along with the necessary parameter conversions.

B. SEISMIC RISK EVALUATION

Once the seismicity study defines the likely locations and levels of seismic activity for the
region surrounding the site of interest , it is necessary to evaluate the effects of this activity. Of
prime importance is a means for estimating the peak ground motion at a given site when
epicentral distance and magnitude are known. Throughout these studies , the ground motion
prediction equations developed by McGuire (1974) were used. The case developed for using the
McGuire equations was presented in an earlier report (Battis, 1978); however, it can be
summarized by stating that the McGuire equations tend to predict values that are near the
average value for the other available equations. The general form of the peak ground motion
predict ion equation is given by:

g = a ie32ML (R + a3) ~ (11-4 )
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Figure 11-16. Cumulative Recurrence Curve for the Eastern Background Area

where g is the desired ground mot ion, ML is the earthquake local magnitude. R is the epicentral
distance , and the values of a 1 through a4 have been determined on the basis of available data.
The values for the fitting parameters , as determ ined by McGuire for peak ground acceleration .
velocity, and displacement , are given in Table 11-2.

Knowledge of the doniinant source regions. their associated activity levels, and a means (o r
predicting peak ground motion as a function of earthquake magnitude and epicentra l distance
can be combined to estimate the annual likelihood of attaining a given ground motion level at
the site of interest. This, in other words, is the seismic risk- - Various methods have been proposed
to carry out this assim ilation of information. The specific formulation used in this study is that
proposed by Cornell (1968) and Mert z and Cornell ( 1973) .  This method has been implemented
in a FORTRAN computer program by McGuire (1976) .
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Figure 11-17. Cumulative Recurrence Curve for the Western Background Ares

TABLE 11-2. PEAK GROUND MOTION AITENUATION CURVES
(After McGuire, 1974)

a3 a4 ~na 1 0~

Acceleration (cm/s 2 ) 472.0 0.645 25.0 1.30 6.16 0.511
Velocity (cm/s) 5.64 0.92 1 25.0 1.20 L73 0.629
Displacement (cm) 0.393 0.99 25.0 0.88 —0.934 0.76

~o is for the Loge of the ground motion parameter.
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The details of this method have been discussed in a previous report (Battis , 1 978); however ,
a brief statement of the problem follows. For any given earthquake , the peak ground motion
parameters at some specified location are functions of epicentral distance and earthquake
magnitude. Neglecting other considerations (e.g., source radiation pattern e ffects ) , the probability
that the peak ground motion will reach or exceed a specified level can be defined as the integral
of the product of the independent probability density functions for magnitude, l’

~ 
and distance ,

~R,  and the conditional probability of reaching or exceeding the specified ground motion le~el ,
given magnitude s and r. This integral is evaluated over all possible values of s and r. This can he
expressed in terms of the ~Total Probability’ Theorem by:

P1Mg ~ m~1 = If  P1Mg ~ m~ls and rl fs s) IR (r)dsdr (11-5)

where P[M5 ~ mg i denotes the probability of the event ground motion , Mg, of being greater
than a specified value, mg, and P[Mg ~ m~Is and r] is the conditional probability given event
magnitude and distance (McGuire, 1976).

The condition probability in Equat ion (11-5) is a function of Equat ion (11-4 ) and its
associated standard deviation. The probability density function for magnitude. fs(s). can he
derived from each of the known source region recurrence curves. The function 

~R (r) incorporates
the spatial relationship between each source and the site of interest. Evaluation of the integral
gives the probability of reaching or exceeding mg for one event from one source area. By
multiplying the integral by the expected number of events in the source region and accumulating
over all source areas , the total expected number of events meeting the condition at the site of
interest can be calculated. Finally, assuming the earthquake occurrence is modeled by a Poisson
distribution, the annual risk can be evaluated as

_ E E M g ~R [M g ~ m~ ] = 1 -- e (Il-ti)

v~ here R denotes risk and E denotes the expected number of events.

The initial step in the seismic risk evaluation for Luke Air Force Base , Arizona, was t h e
evaluation of the 100-year return period acceleration levels for a grid of points located in
southwestern Arizona. Evaluations were carried out at 0.5-degree intervals between 32°N to
34°N and 11 2°W to II 5°W and a contour map of the 100-year return period acceleration level
for this zone was generated. This map is shown in Figure 11-18. This contour map shows the
characteristics that could be expected , given the seismic setting of the site of interest. At the
western and southern edges of the plot , the contours are closely spaced and of high amplitude
because of the nearness of several very active source regions. These include the Gulf of
California, the northern Baja Penninsula, and the San Jacinto source regions. The contours are
much less steep and of much lower amplitude as one moves away from the seismically active
areas of southern California.

From Figure 11-18 , it can be seen that Yuma, Arizona, represents one of the higher risk
locations near Luke Air Force Base while Phoenix , Arizona , is a low seismic risk site. To
demonstrate the extremes of se ismic risk that might occur over the area of Luke Air Force Base,
peak ground acceleration , veloc ity, and displacement risk curves were generated for these two
sites. These curves are given in Figures 11-19 through 11-2 1. In addition, ground motion levels
associated wit h specific levels of annual risk for Yuma. Arizona , are given in Table 11-3 and
sim ilar values for Phoenix are given in Table 11-4.
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TABLE 11-3. PEAK GROUND MOTION RISK VALUES FOR YUMA , ARIZONA

Return
Period Acceleration Velocity Displacement

Risk/Year (Years) (cm/s2 ) (cm/s) (cm)

1.0 1 25.04 1.04 0.60

0.5 2 59.93 5.18 3.06

0.2 5 85,61 8.52 5.26

0.1 10 107.28 11.61 7.19
-I

0.05 20 132.74 15.25 9.62

0.02 50 173.25 21.33 13.68

0.01 100 209.61 26.96 17.44

0.005 200 251. 77 33.63 21.96

0.002 500 316.54 44.09 29 .17

0.00 1 1000 372.71 53.3 1 35.69

TABLE 11-4 . PEAK GROUND MOTION RISK VALUES FOR PHOENIX , ARIZONA

Return
Period Acceleration Velocity Displacement

Risk/Year (Years) (cm/se) (cm/s) (cm)

1.0 1 5.01 0.50 0.16

0.5 2 15.11 1.81 1.52

0.2 5 23.52 2.89 2.58

0. 1 10 29.73 3.98 3.55

0.05 20 36.44 5.10 4.71

0.02 50 46.95 6.91 6.55

0.01 100 56.11 8.5 1 8.23

0.005 200 66.71 10.32 10.17

0.002 500 83.05 13.07 13.18

0.001 1000 97.81 15.45 15.83
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At this point , a brief discussion of the reliability of these seismic risk estimates should be
• made. It can be expected that the primary source of error in the evaluation process involves

assigning levels of activity to the various source regions and to the background activity. In this
study, sources west of 11 5°W longitude essent ially controlled the level of risk , with some
significant contribution from the Gulf of California source area. As was stated earlier , all sources
that lie to the west of 11 5°W longitude had complete data bases , implying that accurate
evaluations of seismic activity levels had been made. The Gulf of California source region data
cata logue was not complete and any error in assigning an activity level would affect the final risk
evaluation. While it is impossible to estimate the error that might result , it has already been
noted that the e ffect would be to overestimate the ground motion levels associated with lower
annual risk. The e ffect would be to the conservative side.

The results of work done by Algermissen and Perkins (1972) and refined in Hays, et a!.
( 1975) can be compare d to the results in this report to give some idea of reliability. Using a
different risk evaluation process , Algermissen and Perkins constructed a 50-year return period
acce leration contour map for Arizona and Utah. Their work predicts a 50-year return period
acceleration at Yuma which is approximately 50 percent of the value given in Table 11-3 for
Yuma and 25 percent of the value for Phoenix. Some of the discrepancy can be explained by
differences in the boundaries of the source regions or activity leve ls. However , it would appear
that the most important variation between the studies is the peak ground motion attenuation
curves. Algermissen and Perkins used those derived by Schnabel and Seed (1972). which have a
much higher rate of attenuation than do those given in Table 11-3. For example , at just 20
kilometers epicentral distance , McGuire ’s equat ions predict a peak ground acceleration of 1 50
cm/s 2 compared with approximately 1 25 cm/s 2 from the Schnabel and Seed curve. Variations of
this degree could easily explain the differences in predicted risks found between these two
studies. As neither attenuation curve can be considered innately superior to the other , the choice
of which to use is subjective.

C. COMPOSITE RESPONSE SPECTRA

The spectral characteristics of ground motion are typically represented in the form of
response spectra. The response spectrum is typically calculated from accelerograms and represents
the max imum response of a simple , viscous-damped harmonic oscillator over a range of natural
periods for a specific percentage of critical damping. This form is useful in the study of structure
response to strong seismic motion. Methods have also been developed to estimate upper limit
response spectra, given levels of peak ground motion at the site of interest (Hays , et al., 197 5).
known as design response spectra. One set of commonly used amplification factors is that
proposed by Newmark , et a!. (1973) and is given in Table 11-5. These values are used to calculate
the responses at the spec ified frequencies . based on given peak ground accelerat ion and displace-
ment values at a site of interest. The different levels of critical damping correspond to variations
in foundation soil conditions at the site. The lower percentages of critical damping are
representative of hard rock sites. An increase in the percentage of critical damping correlates to
decreasing material rigidity at the site for which the response spectra is calculated.

Using the ground m otion parameters associated with 10-, 1 00-, and 1,000-year return
periods at Yumna and Phoenix , composite response spectra were evaluated. l’he curves repre-
senting 0.5-pcrcent and 10-percent critical damping are shown in Figures 11-22 through 11-27.
These two curves represent the upper and lower limits. respectively, of normally expected site
conditions. It should he noted that these curves are composite in nature because they do not
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TABLE 11.5. HORIZONTAL DESIGN RESPONSE SPECTRA AMPLIFICATION
FACTORS AT CONTROL POINT FREQUENCIES

Acceleration (% g) Displacement (In)
Critical Damping

(%) 33 Hz 9 Hz 2.5 Hz 0.25 Hz

0.5 1.0 4.96 5.95 3.20

2.0 1.0 3.54 4.25 2.50

5.0 1.0 2.61 3.13 2.05

7.0 1.0 2.27 2 .7 2 1.88

10.0 1.0 1.90 2.28 170

represent the design response spectra for any one earthquake. This is because the peak ground
motion parameters upon which they are based , while having the same return periods, might not
be generated by the same earthquake (Battis , 1978). Thus, it is more correct to view these
spectra as predicted upper limit responses at each frequency, individually, than as upper limit
spectra .

D. ALGODONES FAULT

As stated in the introduction to this section , the area of interest for this study lies along
the border of the seismically active Salton Trough—Gulf of California rift zone. In fact , the
region near Yuma , Arizona, is crossed by several faults that define the boundary between the
Salton Trough and Sonoran sections of the Basin and Range Province. The location of these
faults is shown in Figure 11-28. In evaluating the seismic risk for this region, it is apparent that
the likelihood of activity along these faults must be considered.

Based on qualitative geologic evidence , the last significant movement on the Algodones
Fault , seemingly the principal fault in this region, could have been no more recent than late
Pleistocene , or at least 10,000 years ago (Mattick , et al., 1973: Howard, et al., 1978). This
estimate is based on the lack of disturbance of more recent alluvial deposits along the fault trace.
The parallel or en echelon faults associated with the Algodones Fault are inferred to be even
older. Unequivocal data on the amount and sense of motion along these faults are unavailable.

It is mostly likely, however, that the Algodones Fault is an extension of the San Andreas
Fault system of southern California. The Algodones Fault can be inferred to connect to the
sout hernmost segment of the San Andreas Fault proper through the Sand Hills Fault (Figure
11-29), a sout hern extension of the San Andreas Fault system that is inferred from geophysical
evidence. The San Andreas Fault system is the major interface between the Pacific and North
American plates and seismic activity along the fault is the result of differential motion between
the plates. This, in turn, suggests that the Algodones Fault should be considered a fault with
relative ly high risk of seismic activity.

There is evidence to suggest , however, that the role of the San Andreas Fault , in the area
shown in Figure 11-29 , as an act ive interface between the plates is being replaced by the Elsinore
and San Jacinto Faults (Benioff, 19 55). This concept would seem to be supported by the higher
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number of earthquakes associated with  these faults than found on the southern San Andreas
system (Hil eman , et a!., 1973 ). However, seismic act ivi ty has not completely ceased on the
southern San Andreas system. Jen n ings ( 1 9 7 5 )  reports both coseismic f au l t  displacement on the
southern San Andreas Fault  and possible creep along a short segment of the Sand Hill Fault near
t he Salton Sea. And f inal ly ,  Hil em a n , et al. ( 1973)  located several earthquake epicenters ,
including two 5.0 ML events in 1935. very near the Sand Hills Fault .  The Algodones Fault does
not seem to have any similar  recorded seismic act ivi ty .

Thus , there is reason to believe that  the Algodones Fault is associated with an active faul t
system and th at other faul ts  in the same branch of the system demonstrate  recent seismic
activity. It follows , then , that the Algodones Fault has some potential for future seismic activity.
It should be em phasized , however , that  the risk of significant  act ivi ty  would appear to be ~‘er~
low.

I t is of i nteres t to estim ate th e maximum creditabl e earth quake for the Al godones Fault .
This estimate of the largest ear thquake likely to occur on the fault  can he calculated on the basis
of maximum rupture length on the faul t .  In the case of the Algodones Fault , this distance is not
exactly known because the fault has not been traced beyond the Arizona-Mexico border.
However, if t h e  known segm ent is assumed t o he mos t of t he fault , a total length is approxi-
mately 45 miles. Using a relation derived by Greensfelder ( 1974) to est imate the m a x i m u m
magnitude of an earthquake for a given fault  length in miles . L . given h~-

M 1 = 5.0 + 1. 4 Log ( L )  ±0.26 ( l l - ’ )
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the Algodones Fault is found to have a maximum creditable earthquake of 7,3 M L . This value is

similar to that found by Greensfelder for the Sand Hills and southern segment of the San
Andreas Faults and is, therefore , probably a reasonable value.

Design response spectra at Yuma for this earthquake were evaluated under the assumption
that  the event epicenter was located on the fault at the point closest to Yuma , ap proxima tely 10
kilometers away. These spectra are shown in Figure 11-30. The same amplification factors were

used as for the composite response spectra shown earlier (Table l l-5 )~ Again , as for the

composite spectra , only the 0.5 percent and 10 percent of critical damping response spectra are

shown , as these represent the upper and lower limits , respectively, for most site soil conditions.

The peak ground motion parameters used to evaluate these curves were calculated using the

at tenuati on equa t ions dev el oped by McGuire (1974) and are given in Table 11-2.
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SECTION III

SEISMIC RISK AT THE NEVADA TEST SITE

Like Luke Air Force Base , the Nevada Test Site (NTS) is a potent ia l  location for an MX
missile fa ci lit y. This in st a l lati on , si tuated in southern Nevada , is wi th in  the Basin and Range
Physiographic Province and is very close to several active sources of seismic activity. Using the
sam e method described in the previous section of this report , both seismicity and seismic risk 

.5

evaluations were conducted for the NTS . The results of that work are presented in this section .

A. SEISM ICITY STUDY

As with the previous seismic risk evaluations , the seismicity s tudy conducted for the NTS
risk evaluation was made on the area within 800 km of the site of interest. Once again , the
volume of earthquake data from the southern California area required that  the data base be
edited. As in the previous analysis , edi t ing was best done by dividing the re~~on under  s tudy in to
two sections. The fi rs t of these consisted mainly of southern California and was the area to the
west of 116 °W longitude south of 36°N and to the west of 120 °W long i tude south of 38° N
latitude. The second study region contained the remaining study area. The division was so
selected that all activity at or near NTS was entirely within one data base.

In the firs t of these regions , all earth quakes having a magni tude  of 4.0 01b o~ greater
reported on t h e Ear th quake Data File (Meyers and von Hare , 1976) were used to form the data
base. The epicenters of these events are shown in Figure I l l - I .  A to tal of 3183 earthquakes
formed this dat a set. The catalogu e ranged between 1906 and 1975 , with the San Francisco
Earth quake of 1906 being the largest reported event in the data set with a magnitude of 8.3 M L .
Because of the much lower level of both seismic activity and earthquake report ing in the second
st udy are a , the data catalogue for the seismici ty s tudy was composed of all earth quakes in the
are a without  regard to magnitude.  A total of 6410 earthqua kes have been reported in this region
bet ween l~~52 and 1975. The epicenters of these events are shown in Figure 111-2 . Of the 6410
earthquakes , 4743 events had associated magn itude or epicentral intensi ty estimates and could he
used in this seismicity s tudy.  For conversi on of local magnitudes or epicentra l in tensi ty  to
bodywave magni tude , the functional relationships found by Brazee (1976 ) . and given in
Equations ( 11-2 ) and (11-3 ) , were used.

Based on the locations and alignmen ts of these epicenters. 1 5 seismic source regions were
identified within 800 km of NTS. The approx imate boundaries of these source areas are shown
in Figure 111-3. Many of the source areas in southern California are defined iden t ica l ly  to those
used in the Luke Air Force Base se i smic i ty study and the seismicity analysis was not redone for
these regions. For source areas not previously analyzed or wh ere the boundaries have been
altered for this s tudy,  cumulative recurrence curves were evaluated and are shown in Figures 111-4
through 111-13 . The recurrence funct ions  and the appropriate parameter conversions requir ed for
the seismic risk evaluation process are given in Table I l l - I .

Of par t icular  importance to this  s tu dy is the est imation of the level of sei smic ac t iv i ty  near
NTS , because activity at close range tends to dominate the r isk estimation for a site. At NTS ,
however , the process of evaluat ing tile ac t iv i ty  level is complicated by the use of this  f ac i l i t y  as a
nuclear test s i te .  Since 1957 . when til e first undergroun d explosion was set oI f (Bul len . l 963 ) .
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Figure Ill-I .  Epicenters in Southern Califor nia Within 800 km of NTS

NTS has been the site of numerous announc ed and unannounced nuclear  tests. While one can
remove the announced explosions from til e event catalogu e, this sti l l  leaves both the

— unannounced shots and associated aftershock a c t i v i t \  of nuclear tests. Each of these phenomena
could substantially alter the est imate of sei sn iicity to i  this area.

The si gnificance of this fact can be seen in Fi gure ( 11-1 4 which  is a histogram of all events
reported in the NTS source region between 1q30 and 1970. broken in to  5-year segments. Of the
673 reported epicenters in this are a , only 4 1 of them occurred before 1957 . While it is apparent
that the NTS (hoes have some level of seismic a c t i v i t y  t i i i r e l a t e d to the nuclear testing , t ile
earth quake catalogue for NTS is qui te  incomplete  an d no ieh ia h l e  e st ima te  of the level of activity
can be made. The means by which this s i t ua t i on  ~ as handled in the  S C I S T U I C  n sk process will be
discussed later.

To a large degre e , the areas of ’ s t u d y  for the  I u k e  -\u 1 oree l~a-..e and th e N I S  se i smi c i t y
evaluations are the same. There fo re , the  h ack -g round  se i s i l i i c i i %  lev ~- Is  hound  in Se~ l ion  II of this
report , based on the Luke Air  Force Base d a l a  set , W o u l d  I~ ~j t i s t , t i  t or \  f o r  use in th is  s tudy.
These recurrence functions were give il  in I ai le I l - I .

Once again , completeness of the car t h ~iu a k e  cata lotuies ~ as t o u n d  f or  all of the  source
regions to the west of 11 5°W longi tude and incompletenes s  for t h e  sources to the ea st  of th i s
longitude. This is tile same result as found  iii Ih e  p fC\  O t i s  setsmii i t ~ ~t I i t h ~ and sugge st s th e .5

possibility of overestimating the occurren ce o~ la rge e a r t h ) I I . l k e s  while . co nver se l~ , underesti-
mat ing  the smaller magnitu d e even t s  in Source region s to tile east of II ~ \~ long i tude .
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B. SEISMIC RISK EVALUATION

In contrast to the other seismic ity studies , in this case the site of interest lies inside of
one of the defined source reg ions , specifically ~s l S .  Obviously, the seismic risk evaluation will
become extremely sensitive to the rate of seismic activity assi gn ed to t h is sour ce area. As n o
definitive recurrence curv e could be generated for NTS , several hypotheses of the seismic act iv i ty
for NTS should !—e used.

The fi rst of these hypotheses was to use the recurrence funct ion given in Table I l l - I  for
NTS . This relation was derived using all events at NTS. including announced and unannounced
nuclear explosions and any associated aftershocks. It is app~ i-e nt that  th is  curv e should represent
the upper limit of the possible recurrence curves which might  be valid for this source area if
testing were to stop. In addition , it demonstrates the effects at NTS if testing were to continue
at the prese nt level .

The second hypothesis allows only the normal regional background activity determined in
the seismicity s tudy to occur at NTS ( e l iminat ing  NTS as a speci fic source). Finally,  th e t h ird
hypothesis assumes that  the seismic activity rate found for the Nevada f a u l t  Zone source area
holds at NTS with appropriate correction for total source area. In the following discussions .
these are known as hypotheses I-I l through H3 . respective ly.

Using hypothesis H I , a plot of the contours of the 1 00-year return period peak ground
accelerations at NTS was generated. However , v~i t h i n  the NTS source area , the contours were
essentially flat with some peak ground acc e lerat ion la l l off . at  the bounds of the source region .
caused by ed ge effects. Thus, the contours were more closely related to the exact def in i t ion  of
the source region boundaries than  to any ph y sic al r ea l i t y .  Wi thou t a m u c h  more detailed
description of the local se ismici ty ,  any d i s c u s— i o n  of the sp a t i a l  ~ar ia t i o n of risk v — as
unwarranted.  Given the level of analys i s tha t  could he carried out for  th is  s t u d y .  it would he
best to assume that  the level of ri sk was u n i f o r m  over all of \TS .

In F igures 111 - 15 through I l l - I  7 . the  peak ground acce le ra t ion .  \ L ’IC’C~t V . and d isplacement
curves for NTS , based on each of the thre e h ypothe se s .  are shown. 1 he ground motion values
associa ted wi th  specified annual  risks are also l i s ted in Tahl e s 111-2 t h r o u g h  111— 4 .

I n ge n era l . the curves associated wi th  h y p o t h esi s H I  are ovcr I~ co nserva t i s . - h u t  are almost
assuredly an absolute upper limit of all rcasona l ’lc risk curves.  I t  seems r L -a ’ona h lc to hold tha t
hypothesis 1-13 produces the most real is t ic  curves based on th e tact  I h a t  ~s I S . eve n ~ i t h o u t
nuclear t e st ing.  is a more act iv e  source reg io n t h a n  the background he ’ els could represent.
However , using hypothesis 1-12 , a lower l imi t  on the  seismic risk al  NTS can be eva lua ted .

A seismic hazard assessment for NTS has also been con ducted 1w Rogers . et a l . 1977 ) w i t h
methods that were significantly diffe ren t than those used in th is  s t ud y .  However ,  th e results of
their  analysis are in agreement wi th  those t’ound in th i s  s tudy .  In add i t i on . Al germiss en and
Perkins ( 1 9 7 2 )  have also analyzed the seismic risk for are as of ’ Arizona reasona b ly close to NTS
and have found compatible results. Thus , t he risk curves presented here con st i tu t e  ver y
reasonable estimates of the seismic haz ard at NTS.
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TABLE 111-2. PEAK GROUND ACCELERAT ION RtSK LEVELS FOR NEVADA TFST SITE

Return
Period Hypothesis

Risk/Year (Years) HI H2 H3

1.0 1 25. 4 1S .0 49 .0

0.5 2 71. 5 2~~6 72.b

0.2 5 107 .~ 33 .0 88 .2

0.1 10 139 .7 3n . 6 100 .9

0.05 20 177 6 473 113. 7

0.02 50 238 .7 59 .8 132. 9

0.01 100 204 .4 7 1.5 149 .2

0.005 200 359 .0 85.2 167.5

0.002 500 459 .8 107 .3 195.1

0.001 1000 547.6 1 27 .4 218. 9

TABLE 111-3. GROUND VELOCITY RISK LEVELS FOR NEVADA TEST SITE

Return
Period Hypothesis

Risk/Year (Years) HI 112 H3

1.0 I 1.0 0.5 1.0

0.5 2 4 .7 1.9 2. 7

0.2 5 8.4 2 0  4 . 1

0.1 10 11.8 3.9 5.0

0.05 20 16.2 4 .9 6.2

0.02 50 23 .5 6.8 8.0

0.01 100 30.6 8.6 9.7

0.005 200 38.9 10.6 I I  .7

0.002 500 52. 1 13. 9 15.0

0.00 1 1000 64.0 16. 9 179
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TABLE I11.4. PEAK GROUND DISPLACEMENT RISK LEVELS AT NEVADA TEST SITE

Return
Period Hypothesis

Risk/Year (Years) H I H2 H3

1.0 1 0.5 0.5 0.5

0.5 2 2.4 1.4 1.6

0.2 5 4.3 2.4 2.5

0.1 10 6.0 3.2 3.4

0.05 20 8.4 4.3 4.4

0.02 50 12.3 6.0 6.0

0.01 100 16.0 7.6 7.7

0.005 200 20.4 9.6 9.6

0.002 500 27.6 12.7 12.7

0.00 1 1000 34.1 15.5 15.6

C. COMPOSITE RESPONSE SPECTRA

As in the previous studies , composite response spectra for 10- , 100-, and 1 ,000-year return
periods for each of the hypotheses were constructed and are shown in Figures 111-18 through
111-26. The statements made above concerning the risk curves evaluated , using each of the
differe nt hypotheses , also holds true for these response spectra. For example , the response
spectra found using hypothesis H3 are more reasonable. Once again , onl y 0.5 percent and 10
percent of critical damping spectra are shown , as these represent the upper and lower limits ,
respectively, of the reasonable variations caused by local soil conditions.

D. FAULT S AT NTS

In Figure 111-27 , the major potentially active faults near NTS are shown (Rogers , et a!.,
1977; Howard , et al., 1978). In additio n to these , nu merous smaller faults have been identified in
the area (Stewart and Carlson , 1974). While these minor faults should not be eliminated as
potential sources of at least locally high-amplitude peak ground motions , on an overal l regional
basis , the longer faults could generate the most severe motions. For most faults , though even
more so for the smaller faul ts, it is difficult to estimate the state of activity or inactivity of a
fault. Table Ill-S is a list of these faults and estimates of the maximum creditable earth quake
which can be associated with them. The magnitudes of the maximum creditable earth quakes
were evaluated using Equation (11-7) and estimates of the maximum rupture lengths determined
for each of the faults.

‘I

111-2 2 Equipment Group

.5 - 

- -  
-

- — —
~~~~~~

_ _
~~~~. -

-

-.5 - _ _ _



--- -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

---“
~~

—_ —- _ _ T :
~~~~ - - . ._  

~
. .

TABLE 111-5. POTENTIALLY ACTIVE FAULTS NEAR NEVADA TEST SITE
(Modified From Rogers , et al. 1979)

Fault Length Probable Rupture Maximum C reditab le
Fault Name (Miles) Length Earth quak e

Mine Mountain 18 1 6.8

Cane Spring * IS  15 6.6

Rock Valley 5 22 22 69

Mercury Valley 2.5 2.5 5.6

Yucca * 16 16 6.7

Bare Mountain S S 6.0

Funera l Mountains 24 24 6.9

Death Valley5 84 42 7.3

Furnace Creek 5 145 75 7 6

Las Vegas 84 42 7 3

Kawich Valley 28 28 7.0

51-Iolocene rupture or historic seismic activity.

Using the m a x i m u m  creditable earth quakes given in Table Ill-S . a contour  map of the
maximum creditable peak ground accelerations was generated. This plot was generated assuming
that the max imum creditable ear thquake assigned to each fault has a uniform probabil i ty of
occurring at any point along the fau l t .  The evaluation of th e  contours of peak ground
acceleration were made using the a t tenuat ion curve parameters given in Table 11-2. This contour
map is displayed in Figure 111-28.
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SECTION IV

GROUND MOTION ATTENUATION

One of the tasks under the Geoph ysical Studies for the Missile Basing Program was the
analysis of ground motion data with the intent of developing some torm of widely applicable
ground niotion attenuation equation.  After reviewing this prob lem . several severe di f fi cult ies
became apparent. Basically, ground motion at tenuat ion was found to be highly variable with
region and most of the available peak ground motio n data is f rom a l imi t ~-d tecto nic se t t ing.  It
became apparent that to achieve the desired result would require a level of st at is t ical  analysis
well beyond the intended scope of this progra m . In the fol l owing sect ion .  this  problem is
di scussed briefly.

The chief problem in justifying the use of a uniform ground motion a t t enua t ion  equation is
the apparent diversity of the rate of at tenuat ion throughout the world. One example of th is
situation can be shown by comparing the intensi ty  isoseisnlai contours t’or t he Missi s s ippi  Val ley
earth quake of 18 1 1 and the 1906 San Francisco earthquake. The magnitud es of these events are
thought to be comparable (Nut t l i , l973a ) and have been shown to he 7.4 an d 75 m h. s~i t h  the
largest being the 1 906 event. However , the area enclosed wi th in  the in t e ns i t ~ VII  isoseism al
contour for the Mississippi Valley earthquake was appr oximate ly  600 ,000 kin 2 as compared to
30,000 km 2 for the San Francisco ear thquake (Nut t l i , l973u ) .  Simila r I ~ , areas of 2 .500 ,000 km 2
and 150 ,000 km 2 were found to he enclosed wi th in  the i n t e n s i t y  V isoseism -j I contour for each
event , respectively. As the levels of ground motion def in ing the isoseism al contours must  be assumed
to be regionally independent , the addit ional  enclosed area reported for the 1811 event must have
been caused by lower at tenuat ion in the central and eastern United State s~. as com pa red to
California. By taking the square root of the ra tio of the  associated areas (A 1811 /A 19~ )I -2 

-

which is the ratio of the eftect ive radii of the isoseismal contours if th ey were circular , b r both
isoseismal contours , it is shown that  the ground motions of the Mis s i ss ip p i  Va l l ey  event
propagated four times- -

~ts far before being a t tenua ted  as much as the groun d motions in
Califo rnia.

It is apparent from this example that  the a t tenu at ion  of seismic ground motion can v ar ~
significantly from region to region. It is also known that  the  eastern Uni ted  States is not unique
in having a characteristically low at te nuat ion rate. Similar examinat ions  of isoseismal contours
for earthquakes on the Indian subcontinent reveal the same high Q structure f o r  th i s  area
(Richter , 1958).

The question can then be rai sed as to the desirabi l i t y  of genera t ing a standard a t tenuat ion
curv e for worldwide application. With the reg ional variations in rate of a t t enua t ion  of ground
motion , it is apparent that such a un i fo rm equation would he forced to ei ther  overestimate or
underest imate the actual peak ground motions for some areas of the world. In turn , the use of
this equa t ion  in the seismic risk analysis process would result in overestimation or under-
esti mat ion  of r isk.  ( onsidering the example given above , the degree oi~ ov eresti m at io n or
underest i mation of risk would he almost certain to he well beyond a desirable level.

t h e  n e x t  solution would he the evaluation of several a t tenuat ion  curves , each of which
would he used or soni c rest r icted reg ions. But , at this point , the second maj o r  I)robl cm is
cn~ - I i n t a . r ctl .  \Ios t s t rong motion measurements have been recorded in onl y one tectonic  region .
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specifically in the western Unite d States (Hudson , 1972) . Basically, there is insufficient ground
motion data to generate the desire d equations for areas outside of the western United States
without the analysis of both seismic wave attenuatio n and earthquake intensity distribut ions in
the region of interest , as done by Nuttli  ( 1973a , 1973b) .

The development of either a single unifo rm attenuation equation or a set of equations was
not feasible within the scope of this project. Many attenuation equations have already been
generated and are listed by McGuire ( 1976) . A new analysis of the available data would not
contribute anything significant. The comparability of the attenuation functions given by McGuire
was studied by Battis (1978) .
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SECTION V
PROGRAM REVIEW AND CONCLUSIONS

Over the past 3 years. studies have been conducted that  have had. as a final goal , the
eva luation and estimation of seismic risk at five Air Force facilities in the western United States.
As part of the process of risk estimation , it has been necessary to develop a significant computer
software package to ~xamin e regional seismicity characteristics and to integrate the results of
these st udies in to a r~sk estimate for the site of interest. In this section , a brief review is made of
bot h t h e sof tware created t~or this project and the results of the seismic risk evalu ations made for
each of the f iv e  sites. Finally , a summary of the other topics examined durin g this project is
prese nted.

A. COMPUTER SOFTWARE DEVELOPMENT

As a preliminary step in each of the seismic risk evaluations , it would be nec essary to
cond u ct a regional seisnh icity study to establish spatial and temporal trends in seismic acti s  i t y  in
some area about the sites of interest. These studies involve the exami na t ion  of the his tor ic
earthquake record for the given region using various fo rm s of analysis. To expedite  the se stud ie s .
it was decided at the init ial  stages of th is program to desi gn and implement  an in t e r i c t i ~e
computer processing system for seismicity analysis. The advanta ges of this sy stem were seen as
tile control of the processing flow , given the analyst at execution t ime and the abi l i ty  ot l~ i L ~
analyst to make execution time decisions , such as defining ranges for curv e f i t t ing .  which could
not easily be programmed.

This interactive system was designed for use on the PDP- I 5 computer  at the Seismic Data
Analysis (‘enter (SDAC) . The software was setup to access a regional ear thquake data  file
resident on a large-capacity disk , to perform various edit ing procedures on this  file and to
generate visual displays and statistical evaluations of the data files. Among the analysis routi nes
av ailable to the system user are displays of nominal  strain release wi th  re spect to space or tinl~ .

histograms of the event files , ti le evaluation of cumulative and incremental  recurrence re lation-
ships and examinat ion  of the data file for completeness , or consistenc y of the mean rate of
occurrence of seismic activi ty (Battis  and Hill , 1977 : Hill and Bat t i s . 197 8) .  Edi t ing  of the data
file with respect to earth quake location . magnitude.  depth ,  and t ime of occurren ce provides tile
ab ili ty to examine the spatial and t ime characteristics of the seis m ic it v patterns.

The standard earthquake data catalogue used to generate the regional data disk files was the
National Oceanic and Atmosp heric Adminis t ra t ion Earthquake Data File (Meyer  and von Hake .
1976). To use these data , software was developed for accessing and edit ing the earthquake data
file tape , to generate the regional disk files mentioned above , and to allow the merg ing of
additional data into the data set. In addition , software to generate epicenter and nominal  strain
release maps from the regional data files was created (Ba~tis and Hill . 1977) .

Fina l ly ,  the evaluat i on of seismic risk required the assimilation of the various results of the
seismicity studies into a sing le statist ical  estimate of risk. The method in i t ia l ly  proposed by
Cornell ( 1968) for  this purpose was adopted. This fechni que had alrea dy been in i p iem ented  h
Mc Guire ( I  976) and the FORTRAN program required only minor  m o di l i ca t io n  to he usable on
the SDAC IB M 360/44 computer  faci l i ty .
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B. SEI SMIC RISK EVALUATIONS

During the geophysical studies for the Missile Basing Program, seismic risk evaluations were
conducted for five Air Force facilities in the western United States. Specifically, t h ese sit es
include the Cheyenne , W yoming area, the site of a Minuteman missile wing, Edwards Air Force
Base . California , White Sands Proving Ground , New Mexico , Luke Air Force Base , Arizona and
the Nevada Test Site (NTS) . For the fi rst two sites , the question of the level of seismic risk at
the sites derived from the observation of specific geophysical phenomena observed at or near the
facilities. For the other three installations , the reason for the risk studies was the possible use of
each site as an MX missile system installation. The difference in motivation of the evaluations
resulted in soii~ewhat different  forms of analysis for the various sites.

In March of 1975 , the Pocate llo Valley, Idaho , eart hqu ake, magnitude 6.1 m 1,, ca u sed
severe disturbances to instrumentation located at Minuteman Missile Facilities near Cheyenne ,
Wyoming, over 600 km from the ep icenter of the event , In June of the same year , however , an
event thought to be of similar magnitude occurred at Yellowstone National Park , Montana , and
no disturbances were reported at the Minuteman Facilities near Cheyenne , even though the
epicentral distance was equivalent to the earlier event. The Cheyenne studies at tempted to
determine the cause of the different e ffects from these events and to estimate the likelihood of a
recurrence of the disturbances.

Each of the two earthquakes and several fore-shocks and aftershocks were analyzed using
fa r-field surface-wave ampli tude spectral f i t t ing (Battis and Hill , 1977) to evaluate the source
mechanism and depth of each event. Based on these studies and published information on the
source regions of each event , neither of the earthquakes was found to be atypical of their
respective source area. However , two si gnificant differences were found between the events. First.
all indicati ons were that  the magnitude of the Yellowstone earthquake had ori ginally been
overestimated ana was later reduced to 5.6 m b .  This change alone might explain the observed
difference in effect between the events. In addition , it was found that  the maximum Raylei gh-
wave radiatio n from the Pocate llo Valley earth quake was directed at Cheyenne while the
Yellowstone esent had a Rayleigh wave node in the direction of Cheyenne. In both cases , Love
wave nodes were directed at Cheyenne. This might suggest that the disturbances were related to
Raylei gh-wave radiation from the Pocate llo Valley event.  This fact, along with the results of the
analysis of the predicted groun d motions of all reported earthquakes within 450 km of Cheyenne
( Battis. 1978 ) . suggests that the disturbances observed at the Minuteman Facilties near Cheyenne
were probably related to the specifi c source mechanism and location of the Pocatel lo Valley
earthquake.

A regional seismicity study of much of the central United States and the northern Rocky
Mountain  states was also conducted (Bat t i s  and Hill . 1977) . The results of this study were used
t o est im ate seis m ic ris k at Cheyenne . Wyoming (Battis ,  1978). In Fi gure V -I ,  a best estimate of
the pea k ground acceleration risk for Cheyenne is shown. Because of inadequate coverage of the
earth quake history wi thin  500 km of Cheyenne . this curve is very tenuous. In addit ion , anal ys is
of tile seismic risk at ( ‘hey enne solely from the Pocatello Valley earth quake source region
suggests a recurrence of the  observed disturbances approximately once every 1 5 years (Battis ,
1978) .

The evaluat ion of sei smic risk at  Edwards Air  Force Base , California , was ini t iated af ter  the
repo rts of the ohs erv ati o i i  of a geologically rapid regiona l uplif t , throug hout much of southern
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California , centered at Pa lmdal e , California (Battis and Hill , 1977; Battis. 1978). Subsequei~ to

the report of the uplift . it was suggested premonitory velocity variations had been observed
within the area of up lift (Whitco mb , 1976), implying the potential for si gn i f i c ant  and imminen t
seismic activity in the region. Since these initial reports , changes in the amount  of up l if t  and the
area! extent of the up lift have been reported. The possibility that the u pl i f t  is a se isin i  precursor
is continuing to be investigated. However, re-analysis of the data used by Whitcomb and
additional studies of other possible precursors have si gnificantl y reduced the scientific basis b or
predicting an imminent  seismic hazard in the uplifted zone. Now , neither the cause nor t i t e
tecto nic imp lications of the uplift are understood. it is st i l l  most reasonable to approach the
si tuat ion with  conservatism and to assume that some seismic hazard is associate d with the uplift
phenomena.

tinder th is condition , the evaluation of the seismic risk at Edward s Air Force Base is not a
problem of ’ establishing ground motion return periods, for it is assumed that si gnificant seismic
ac 1i~ it ~ could occur at any time in the near future. Then , only the estimation of the worst
possible ea r t h quake that could occur near the base and the evaluation of ’ maximum ground
lilO t i oli . which might  be experienced at the facility , are of interest. To carry out this analysis.
th e  major t a u l t s  or f au l t  systems near Edwards Air Force Base were identified and maximum
credi tabl e  ear thquakes  for each of the faults were estimated on the basi s of total fault lengths
and p lau s ib le  rupture  lengths (Battis ,  1978) . Using this info rmation and empirical ground motion
.l I t ~~~~ i . i t i t ) 1 i  equa t i o ns. contours of peak accelerations , velocities , and displacements near Edwards
Au 1 0 1 c c  B ise w:re p lotted. The maximum creditable ground motions predicted for Edwards
A ir  I orce Base ~ erc 0_ S percent q, 80 cm/sec , and 35 cm. respectivel y. In general , these motions
res ul t  ~roIil a c t i s  i t y  e i ther  on the Garlock or San Andreas Faults near the installation. Based on
t he se i s i t i i c i t y  s tud y for this region (Battis and Hill , 1977), a return period of approximatel y
4.D00 y ears ~ as found for these ground motions.

l or the l i st three sites (White Sands Proving Ground, Luke Air Force Base. and NTS )
scisi fl ic risk calculat ions were made without the complications of any unusual geophysical
occurren ces known near the sites. In each case, a regional seismicity s t u dy  was conducted for a
regi on w i t h i n  800 km of the site of interest .  Seismic source regions were identified and levels of
act i~ i tv  were assigned to each of these regions. Based on these evaluations ,  seismic risk curves for
ea Ll i  site were constructed. These results were reported in Battis ( 1978)  and also in prev ious
sect io n s  of this report. The estimated upper -l imit  risk curves for each site are shown in
Figure V - I .

Finally,  at each site potentiall y active faults were identified and max imum cred itable
earthquakes were evaluated for each. One such fault is the Al godones Fault , which could cause
severe damage in southwestern Arizona and at Luke Air Force Base, should occur along it. From
t h e  l~iu l t  length of ’ the Algodones Fault , it is possible to estimate a maximum cred itable
ear thquake of 7.3 M L magnitude for this fault .  in addit ion ,  it can be shown that  other faul t s
associated wi th  the Al gondones Fault are now active. From other evidence, it can be inferred
that  the likelihood of an event of this size on this fault  is low , but real.

C. EARTHQUAKE PREDICTION

During this program . earth quake prediction technology was e \ amtn ed tBatt i s  and Hi l l .
1977 ) . Prediction technology is unreliable at the present time , even though severa l apparent ly
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Figure V-I. Mai~imum Annua l Risk Curves for Ground Acceleration
at Four Air Force Bases in the Western United States

successfu l predictions were noted. The majority of ’ work on this subject is being conducted in
southern California , and it is likely that earth quake prediction will become routine in this area
before anywhere else in the United States. It is also not clear that work done in this region is
directl y applicable to other regions because of both tect onic and source mechanism differences.
Finally, the implications of present earth quake prediction studies suggest the need for intense
ins t rumenta t ion  within the reg ion of intcrest ~ a condition true only in a limited number of ’ areas
throughout the world.

D. GROUND MOTION PREDICTION

In an earlier section. the problems associated with ground motion prediction were reviewed.
These include a lack of worldwide data and the importance of propagation effects in evaluat ing
round motion at a distance. Earlier e fforts could not be improved upon in this program.
Therefore , some discussion of the work of previous invest i gators was made.
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